C o m m e n t a r y2 0
The introduction of tandem mass spectrometry-based diagnostic methods in this millennium has led to increased detection of inherited disorders of metabolism during newborn screening (1). The rising prevalence of these conditions has emphasized the need for new treatments, which have previously been limited to dietary restrictions and cofactor supplementation. These strategies are aimed at relieving the effects of an underlying enzyme deficiency and not the enzyme itself. Researchers have developed biologics with the goal of replacing the deficient enzyme, mainly in the form of enzyme replacement therapy (ERT) for lysosomal storage disorders (2). However, this same approach has not been readily applied to nonlysosomal metabolic disorders.
Homocystinuria was first described in 1962 as the constellation of tall, thin body type (so-called Marfanoid habitus), lens subluxation with high myopia, frequent developmental disability, and risk for thrombosis and stroke (3). Soon after the initial description, cystathionine β-synthase (CBS) deficiency was characterized as the underlying cause of this disorder. Loss of this enzyme results in elevated methionine and homocysteine, the latter of which is implicated in thrombogenesis (4). CBS resides at the intersection of the transmethylation, transsulfuration, and remethylation pathways; therefore, CBS deficiency fundamentally blocks the degradation of homocysteine to cysteine ( Figure 1B ). Current therapeutic strategies focus on dietary restriction of methionine and supplementation with pyridoxine, which serves as a CBS cofactor. Approximately 50% of patients with homocystinuria do not respond to these treatments and require more arduous dietary restriction and supplementation with betaine to drive remethylation of homocysteine, with varying success (Figure 1 ).
Modified CBS for homocystinuria ERT
In this issue, Bublil and colleagues provide a new example of ERT (5). Specifically, they show that treating classic homocystinuria requires modification of the CBS amino acid sequence and PEGylation (conjugation with PEG) of the enzyme. Moreover, this ERT strategy achieved a more stable correction of homocystinuria in a CBSdeficient mouse model than did replacement with nonmodified CBS. Homocystinuria mice treated with PEGylated CBS exhibited a 75% reduction in homocysteinemia and normalization of cysteine ( Figure 1C ). This impressive reduction suggests that use of the PEGylated CBS has promise to relieve the risk for thrombosis and to potentially reduce the risk for lens subluxation in patients detected by newborn screening.
The work of Bublil et al. represents a feat of bioengineering that has addressed several hurdles to ERT with CBS (5). PEGylation of CBS stabilized the subcutaneously administered enzyme and led to a uniform reduction in plasma homocysteine levels in the treated mice. In contrast, unmodified CBS resulted in a variable and reduced effect. The plasma cystathionine concentration increased in correlation with decreased homocysteine in PEGylated CBS-treated mice, confirming that the homocysteinelowering effect was from CBS activity. Homocysteine was reduced in target tissues, including liver, kidney, and brain, demonstrating systemic correction following subcutaneous administration of PEGylated CBS. The addition of a second modification, mutation of the highly reactive cysteine at position 15 to serine (CBS C15S), reduced the formation of CBS aggregates and promoted more uniform PEGylation of the recombinant enzyme. Evaluation of double-modified CBS, the methylation agent betaine, and the two treatments in combination revealed that both PEGylated CBS C15S and betaine independently reduced homocysteine in CBS-deficient mice; however, together, thrombosis and stroke (8). Betaine alone may be effective in nonresponsive patients for whom dietary therapy has been ineffective (9), and therefore ERT might not be needed for every nonresponsive patient. More work will need to be done before ERT for homocystinuria is used in the clinic. Even if no unanticipated toxicities of PEGylated CBS are revealed, there are several limitations to the use of ERT in patients. ERT requires frequent injections, albeit these could be self-administered subcutaneously. Patients on ERT are also at risk for developing hypersensitivity and neutralizing immune responses against the recombinant enzyme. Finally, the cost of these treatments is likely to remain high (10). However, the success of ERT for homocystinuria also forecasts the development of gene therapy such as that underway for lysosomal storage disorders to address these limitations (11). Overall, the development of ERT for homocystinuria holds great promise for the treatment of this disorder and other inherthe two treatments had synergistic effects and sustained the homocysteine reduction over a 3-week period. Finally, ERT with PEGylated CBS C15S prevented mortality and partially reversed hepatosteatosis, confirming the efficacy of this strategy in the mouse model.
Conclusions and future directions
The results of the study by Bublil and colleagues indicate that ERT has potential as an effective treatment for individuals with so-called nonresponsive homocystinuria that fails to respond to pyridoxine supplementation and leads to developmental disability (6). The clinical relevance for an ERT strategy to treat nonresponsive individuals is great, given the severity of this form of the disease, which presents with earlier-onset lens subluxation and severe myopia (7). The treatment goal of reduced plasma homocysteine concentrations is critical for preventing homocystinuria-associated complications, including the recurrence of . In a murine model of homocystinuria, a PEGylated form of CBS provided long-term reduction of homocysteine levels. Moreover, the introduction of a C15S mutation reduced aggregation of the recombinant, PEGylated enzyme.
